In this paper we review metamaterials fabricated from self-rolling strained metal-semiconductor layer systems. These systems relax their strain upon release from the substrate by rolling up into microtubes with a cross-section similar to a rolled-up carpet. We show that the walls of these microtubes represent three-dimensional optical metamaterials which so far could be used, for example, for the realization of broadband hyperlenses, fishnet metamaterials, or optically active three-dimensional metamaterials utilizing the unique possibility to stack optically active semiconductor heterostructures and metallic nanostructures. Furthermore, we discuss THz metamaterials based on arrays of rolled-up metal semiconductor microtubes and helices.
Introduction
While the concept of metamaterials, that is, tailoring the optical properties of a material to desired values by cleverly designing its subwavelength composites, is in principle scalable in frequency, the realization of three-dimensional metamaterials for optical frequencies remains one of the current challenges in the research area of metamaterials [1, 2] . Compared to the fabrication used in the pioneering works on metamaterials operating in the microwave regime [3] [4] [5] [6] , which were composed of millimeter-sized metallic structures produced with well-established printed circuit board techniques, the deliberate structuring on the nanoscale in three dimensions for the production of three-dimensional optical metamaterials is much more elaborate. Possible routes are, for example, stacking of single-layered metamaterials by repeating planar lithographic processing steps [7] , focused ion beam milling of multilayers [8] , multilayer deposition on patterned substrates [9, 10] , galvanization in combination with three-dimensional laser interference lithography [11] , or galvanization in combination with anodic oxidation [12] . Here we discuss three-dimensional metamaterials prepared by rolling up a single-layered metamaterial with multiple rotations into a radial stack, similar to rolling up a bilayer of biscuit and cream into a Swiss-roll cake. One possibility to follow this route is actively rolling up the layer system as demonstrated by Gibbons and colleagues, who rolled up a gold-polymer bilayer around a millimeter-sized glass rod and obtained a high quality radial multilayer system [13] . Another possibility is utilizing the concept of strain induced self-rolling of nanolayers which was pioneered by Prinz and coworkers for the InGaAlAs semiconductor system [14, 15] and since then adopted to various kinds of material systems including metals, semiconductors, isolators, and hybrids thereof [16] [17] [18] [19] [20] [21] [22] . Smith and coworkers pointed out in theoretical works that rolled-up metal-isolator systems might be promising candidates for the realization of metamaterial waveguides [23] and hyperlenses [24, 25] . Particularly interesting are hybrid systems of semiconductors and metals, since they open up the unique possibility to stack electrically or optically active semiconductor layers and metallic components in order to obtain active metamaterials. In the following we review our work in this direction utilizing self-rolling strained InGaAlAs/metal layers for the realization of three-dimensional optical metamaterials including hyperlenses [26] [27] [28] , fishnet metamaterials [29] , and optically active metamaterials [30] [31] [32] . In addition we discuss the possibility to use arrays of rolled-up InGaAs/metal structures to realize metamaterials for far infrared frequencies [33, 34] . 
Preparation of Rolled-Up Metamaterials
Figure 1(a) shows a typical layer sequence, as used, for example, for the preparation of the rolled-up hyperlens shown in Figure 1 (c) and discussed in Section 3. Molecular beam epitaxy (MBE) is used to grow a typically 40 nm thick AlAs sacrificial layer followed by a strained (Al)InGaAs layer and an (Al)GaAs layer, each a few nanometers thick, on top of a GaAs substrate. On top of this strained semiconductor heterostructure a few nanometers thick metal film is deposited by thermal evaporation. After the selective etching of the AlAs sacrificial layer with buffered hydrofluoric acid, the strained layer system is detached from the substrate and rolls up into a tube as sketched in Figure 1 (b). The walls of these tubes are the basic structure used for the optical three-dimensional metalsemiconductor metamaterials discussed in the following. Due to the fact that the entire structure comes from the same layer, rolled-up metamaterials exhibit a perfect uniformity and give the unique opportunity to stack identical MBE-grown semiconductor heterostructures with metallic structures. The tube diameter of the devices discussed here typically amounts to a few microns and can be controlled by the layer thicknesses and composition; the number of revolutions N is adjustable by the etching time. The passive rolled-up hyperlens structure consisting of nonfunctionalized semiconductor layers and planar metal films, as shown in Figure 1 , is discussed in Section 3. Patterning the rolled-up structures shown in Figure 1 after the rollingup process results in fishnet metamaterials as discussed in Section 4. In Sections 5 and 6 we demonstrate that quantum wells can be integrated into the semiconductor component of the rolled-up structures to realize optically active metamaterials. Optionally, the metal films can be replaced by plasmonic nanostructures, which are prepared onto the strained semiconductor prior to rolling up, as demonstrated in Section 6. A different ansatz using the same preparation technique but considering the whole tube as one cell of a metamaterial for the THz regime is addressed in Section 7.
Rolled-Up Hyperlens
Multistacks of thin metal layers and thin dielectric layers might be approximated as an effective medium with an anisotropic permittivity tensor as described, for example, in [35] . This permittivity tensor has on the major axis ε || = (ε M + ηε D )/(1 + η) for the two directions in the plane of the layers and
for the direction perpendicular to the layers and zeros otherwise. In this case, ε D is the permittivity of the dielectric layer, ε M is the permittivity of the metal layer, and η is the layer thickness ratio of dielectric and metal layer. Due to the special ellipsoidal and hyperbolic shapes of their Fresnel surfaces, that is, their isofrequency surfaces in k space, one can use such media for subwavelength imaging under certain conditions [35] [36] [37] . For 0 < ε || |ε ⊥ | one obtains flat extended iso-frequency surfaces in k space, which leads to the propagation of very high k components with a common group velocity perpendicular to the multilayers. This directed imaging of very fine details is called hyperlensing and, when using curved instead of flat multilayers, can be used to magnify subwavelength details with a magnification given by the ratio of outer and inner radius of the multilayer structure [38] . Cylindrical hyperlenses working in the ultraviolet [10] as well as spherical hyperlenses operating in the blue [9] could be realized in the group of Xiang Zhang by sequential deposition of layers of silver and dielectric on patterned substrates.
Rolled-up metamaterials made of silver-InGaAs multilayers are promising candidates for hyperlensing at near infrared and visible frequencies. Due to the significantly higher permittivity of the semiconductor compared to dielectrics like, for example, Aluminum Oxide or Titanium Oxide, the operation range, where the condition 0 < ε || |ε ⊥ | is satisfied in silver-InGaAs multilayers, can easily be shifted over the visible and near infrared regime by choosing the respective layer ratio η. Experimentally, the zero crossing of ε || and thus the lower cutoff frequency for hyperlensing operation can be obtained from transmission and reflection measurements. At normal incidence one expects ε || < 0 for Advances in OptoElectronics metallic reflection and ε || > 0 for dielectric transmission; that is, ε || = 0 marks the plasma edge of the effective material. While the measurement of reflection from a rolled-up metamaterial can be performed with slight modifications of conventional reflection setups, the measurement of transmission through the rolled-up metamaterials is challenging since it requires a transmission light source inside the rolledup structure. As sketched in Figure 4 (a) in Section 5 we realize such a transmission source with a metal coated fiber which we manipulate into the rolled-up metamaterial by means of piezo actuators. Light scattered from a nanohole with typically a few 100 nm diameter, which is prepared into the metallization of the fiber tip by focused ion beams, is transmitted through the rolled-up metamaterial and collected with a microscope objective. As a reference we measure the emission from the nanohole with the fiber tip outside of the rolled-up metamaterial. The red arrows indicate the plasma edge. At frequencies above the plasma edge distinct resonances appear. In [28] we could show that these resonances are due to Fabry-Perot interferences corresponding to the total layer thickness and can be used to enhance the transmission through a rolled-up hyperlens at desired frequencies. Towards high frequencies, the transmission decreases again due to the high absorption in the semiconductor component. As Figure 2 [34] . (b) Metamaterial made of an array of rolled-up InGaAs/GaAs/Cr microtubes. The zoom-in shows a single microtube. As sketched in the bottom right, the microtubes exhibit slightly more than one rotation resembling the concept of a split ring resonator [3] . We showed by means of finite difference time domain simulations that these structures might be used to obtain a magnetic response at THz frequencies.
can be shifted over the visible and near infrared regime by changing the layer thickness ratio η. Figures 2(b)-2(d) show finite difference time domain simulations (Lumerical FDTD Solutions) for light propagation in the hyperlens with a plasma edge at 1.57 eV (cf. Figure 2(a) ). On the inner surface of the hyperlens two dipoles are placed at a distance of 300 nm. In fact, for frequencies at and above the plasma edge we observe hyperlensing, that is, radially directed imaging of the dipoles onto the outer hyperlens surface (Figures 2(b) and 2(c) ). In contrast to this, no hyperlensing occurs for frequencies below the plasma edge (Figure 2(d)) . A particularly interesting aspect of these simulations is the fact that hyperlensing occurs also for relatively thick individual layers as used in our structures, which exceed the individual layer thickness limit of approximately 5 nm for the applicability of effective medium retrieval methods to our structures [27] .
Three-Dimensional Fishnet Metamaterial with Negative Refractive Index at 1000 nm Wavelength
Figure 3(a) shows a rolled-up metamaterial similar to the one presented in Figure 1 with six windings, where an array of holes with diameters smaller than 100 nm has been cut into its wall using focused ion beam milling after the rolling-up process. In [29] we showed by means of finite difference time domain simulation that a negative index of refraction in the near-infrared regime is expected in such a three-dimensional fishnet metamaterial. Figure 3 (b) depicts the simulated reflection and transmission through the structure. Retrieving the effective refractive index reveals that the real part (n ) is negative at the resonance positions in the reflectivity. At the positions where the real part is negative, the effective permeability shows a Lorentzianshaped resonance (see Figure 3(c) ). In Figure 3 (d) a prism has been cut into the multilayer stack. As depicted by the black arrows it can be clearly seen that a wave impinging from the left side gets negatively refracted. Calculating the real part of the refractive index via Snell's law for a frequency of f = 220 THz leads to a refractive index of n = −1.03. This is in very good agreement with the refractive index of n = −1.07 calculated from the simulated spectra with the parameter retrieval method by Smith et al. [39] . Apart from the high uniformity and possibility to activate the semiconductor component as discussed above in the fabrication section, our rolled-up fishnet metamaterials have the advantage that they need much thinner functional layers due to the high refractive index of the semiconductor component in Advances in OptoElectronics   7 comparison to the commonly discussed fishnet structures based on sequential deposition of metal and materials like MgF 2 or hydrogen silsesquioxane (n ≈ 1.5).
Optically Active Rolled-Up Metamaterials
The integration of quantum emitters into metamaterials opens up the exciting opportunity to study quantum emitters in tailorable dielectric environments. For hyperbolic metamaterials an enhanced spontaneous emission is expected [40] [41] [42] . Furthermore, metamaterials can be optically activated by the integration of quantum emitters, for example, to compensate for the typically very high ohmic losses given by the metallic component of metamaterials or to investigate coupling effects with the metallic components of the metamaterials. A major challenge is the realization of such metamaterials with embedded quantum emitters. Monolayered metamaterials with integrated quantum emitters have been realized as fishnet metamaterials with embedded rhodamine dye molecules [43] , slit-ring resonator arrays covered with colloidal quantum dots [44, 45] , and slit-ring resonator arrays prepared on top of an InGaAs quantum well heterostructure [46, 47] . Reference [41] is one of the few examples in literature for three-dimensional metamaterials containing quantum emitters. In their work Tumkur et al. sequently deposited metal layers and polymer layers doped with dye molecules. As discussed in the fabrication section, three-dimensional rolled-up metamaterials fabricated from semiconductor systems intrinsically offer the possibility to embed high quality quantum structures. In [30] we showed that optically active quantum wells embedded in a hyperlens structure can be used to actively modify the transmission and reduce losses via optical pumping. The investigated structure was based on a semiconductor heterostructure grown by MBE on a GaAs substrate. The functional semiconductor heterostructure consists of a strained In 13 Al 20 Ga 67 As barrier layer (23 nm), a strained In 16 Ga 84 As quantum well (7 nm), and an unstrained Al 23 Ga 77 As barrier layer (21 nm). After MBE growth the structure was metalized with an Ag layer (13 nm) and rolled up into a microtube with several rotations. Like the hyperlens structure presented in Section 3, the wall of the rolled-up microtube represents a metamaterial consisting of alternating layers of Ag and semiconductor, but in contrast to the passive hyperlens, it represents an optically active rolledup metamaterial.
In order to investigate the influence of optical pumping of the embedded quantum well, the transmission enhancement was measured. For that purpose a low-temperature transmission measurement setup operating at liquid helium temperatures was used as sketched in Figure 4(a) . In this setup a light emitting fiber tip was inserted into the hollow core of the microtube to illuminate the rolled-up metamaterial from the inside. The light transmitted through the metamaterial was collected by a microscope objective and detected with a single photon counting diode. A pump laser was simultaneously focused onto the outer perimeter of the metamaterial to optically pump the embedded quantum well. With this setup the transmission enhancement of the metamaterial ΔT/T was obtained from the transmitted light intensity I TPL under optical excitation of the quantum well, the photoluminescence intensity I PL , when no light is transmitted through the metamaterial, the transmitted intensity I T without pumping of the quantum well, and the dark count intensity I D , as follows: ΔT/T = (I TPL −I PL )/(I T − I D ). In Figure 4 (b) the transmission enhancement ΔT/T (squares) of the active rolled-up metamaterial is plotted against the photon energy of the transmitted light. The transmission enhancement has a maximum at a photon energy of E = 1.36 eV with a value of ΔT/T = 10%.
Fano Resonance in Optically Active
Rolled-Up Plasmonic Metamaterials
After the first observation of optical gain by quantum emitters in a three-dimensional rolled-up metamaterial as discussed above, we in the next step realized rolled-up metamaterials with integrated quantum emitters and plasmonic nanostructures and detected a characteristic Fano resonance caused by the coupling between the quantum emitters and the plasmon polaritons in the plasmonic structures [31] . As a quantum emitter we used a GaAs quantum well (17 nm) embedded between an In 20 Al 30 Ga 50 As barrier (17 nm) and an Al 20 Ga 80 As barrier (17 nm). Before the rolling-up process the upper Al 20 Ga 80 As barrier was modulated with a wire profile with a height of h = 10 nm, a wire width of w = 100 nm and a period of a = 500 nm using laser interference lithography and wet chemical etching. Subsequently, a 13 nm thick silver film was deposited onto the modulated surface. Rolling-up this structure along the wire profiles ( Figure 5(a) ) results in a three-dimensional metamaterial consisting of alternating layers of a quantum well heterostructure and silver wires as sketched in Figure 5 (c). Figure 5 (b) shows the corresponding scanning electron micrographs of a realized metamaterial. To make the stacked wire structure visible, a hole was cut into the rolled-up metamaterial using focused ion beams. As visible in Figure 5 (b) and the corresponding sketch in Figure 5 (c) the wires are not perfectly stacked but laterally displaced by Δ due to the finite angle γ between wire direction and rolling direction. For compactly rolledup systems one obtains Δ = π(d + 2tN)tan(γ), where d is the diameter of the rolled-up metamaterial, t is the single layer thickness, and N is the index of the respective rotation position. We have investigated such stacked lattice structures using finite difference time domain simulations and rigorous coupled wave analysis and found plasmon polariton resonances with a spectral position, which strongly depends on the lattice parameters h, w, a, and Δ. We modeled the embedded quantum well as a Lorentz resonance in the permittivity of the semiconductor component and examined the coupling of the quantum well with the plasmon polaritons. Depending on their spectral overlap and the gain assumed for the quantum well, we predicted characteristic Fano resonances in the pumpinduced transmission change. For spectral coincidence and moderate quantum well gain we expect a pumping-induced reduction of transmission and for 8 Advances in OptoElectronics very strong quantum well gain we expect a net gain through the metamaterial [32] . In measurements of the pumpinduced transmission change ΔT/T through rolled-up metamaterials as shown in Figure 5 we indeed found characteristic Fano resonances, as depicted in Figure 5(d) [31] . The transmission enhancement ΔT/T (squares) is plotted against the photon energy of the transmitted light. The measured data can be fitted by applying a Fano resonance model (solid lines) assuming a Fano type resonance interaction between the quantum well resonance and the surface plasmon polariton resonance mediated via the embedded grating. The pumping-induced reduction in the transmission reflects the moderate gain of the GaAs quantum well used in these structures. In the next step it is a very interesting question, if optimization of the coupling and maximization of the quantum well gain might enable net gain through these structures.
Rolled-Up Metamaterials for the Terahertz Regime
Instead of using the walls of rolled-up structures as metamaterials for optical frequencies, as discussed above, an alternative approach is to use the entire rolled-up structures as a unit cell of a metamaterial. Prinz and coworkers showed that rolled-up nanostructures also allow the experimental realization of metamaterials with strong chiral properties in the Terahertz regime [34] . An array of (In)GaAs/GaAs/Ti/Au microhelices of 11 μm diameter and 52-53 degree helix angle is shown in Figure 6 (a). For the preparation of such helices with well defined helix angle, Prinz and coworkers utilized the strong preferential rolling direction of self-rolling layers in the InGaAs system. A strained mesa, which is aligned to one of the <100> rolling directions, rolls up into a tube while a strained mesa, which is canted with respect to the rolling direction, rolls up into a helix with helix angle given by the canting angle of the mesa. In polarization resolved transmission measurements Prinz and coworkers found circular dichroism and polarization rotation around 2 THz for the chiral metamaterial shown in Figure 6 (a) in agreement with analytical modeling [34] . Figure 6 (b) shows a THz metamaterial, which was developed in our group and is based on an array of rolled-up InGaAs/GaAs/Cr microtubes. As schematically illustrated at the bottom right, these structures exhibit slightly more than one rotation and resemble an LC circuit in analogy to the concept of a split ring resonator [3] .
In [33] we investigated this type of metamaterial theoretically and found magnetic responses, which can be tuned from a few THz to a few ten THz depending on the number of rotations. Figures 7(a) and 7(b) illustrate the simulation setup. We could show that arrays of gold/(In)GaAs microrolls with slightly more than one winding (see Figure 7 (a)) exhibit a negative permeability in the Terahertz regime. Figure 7(c) ). Retrieving the real and imaginary parts of the effective permeability of the array with the parameter retrieval method by Smith et al. [39] reveals that its real part becomes negative near the resonance. This is exemplarily shown for the array with the winding number n = 1.05 (Figure 7(d) ).
Conclusion
In conclusion we reviewed pioneering works for the fabrication and utilization of metamaterials based on self-rolling strained layers including three-dimensional optical metamaterials like broadband rolled-up hyperlenses, rolled-up fishnet metamaterials, and optically active devices containing semiconductor quantum wells as well as THz metamaterials exhibiting circular dichroism and negative permeability. These works demonstrate that the concept of rolled-up metamaterials is a powerful and unique tool to produce three-dimensional metamaterials, optionally with integrated semiconductor quantum emitters, from two-dimensional metamaterial layers. Such robust three-dimensional systems are interesting, for example, for the investigation of the Purcell effect in hyperbolic media [40] [41] [42] , for gain experiments on stacked plasmonic elements interleaved with quantum emitters [48] , or for the realization of polarizers based on stacks of plasmonic structures [49] .
